Two genes known to control the determina- 
The determination of body segment identity in Drosophila melanogaster is a relatively simple developmental decision that provides a good system for analysis of the genetic basis of pattern formation in a multicellular organism. Extensive genetic and molecular analyses have identified a number of genes and gene products required for proper segmentation and segmental identity (see refs. 1-4 for recent reviews); however, it is clear that many other genes required for proper segmental identity to be initiated and maintained have yet to be identified. Our goal is to identify additional genes necessary for the determination of segmental identity and to understand the function of their gene products.
The majority of genes involved in the determination of segmental identity have been identified by the existence of homoeotic mutants, mutants in which structures characteristic of one body part are replaced by structures characteristic of another body part. Genes in which homoeotic mutations have been recovered are often referred to as homoeotic genes. The first homoeotic genes were identified due to rare adult-viable dominant or recessive alleles. As mutations in most genes involved in the determination of segmental identity might be expected to be recessive-lethal mutations with little or no heterozygous effect, zygotic-lethal mutations with homoeotic phenotypes have been sought in collections of lethal mutations that die as embryos (5-7), larvae (8-10), or pupae (11, 12) . Although this approach has identified many genes involved in the process, the screens applied are not likely to have discovered all or even a majority of homoeotic genes, as many known homoeotic genes were not identified in any of the experiments. The failure to isolate mutations in homoeotic genes on the basis of a lethal homoeotic phenotype may stem from a number of problems. At the time at which segmental identity is determined (the cellular blastoderm stage), the zygotic genome has only begun transcription, and the maternal contribution of genetic information is probably still very important. The maternal contribution has been shown to mask the zygotic phenotype for a number of homoeotic genes (13) (14) (15) . As the majority of zygotic-lethal mutations exhibit a significant maternal contribution (16) (17) (18) , maternal effects in the determination of segmental identity are not a trivial concern. Another major problem in the search for zygotic-lethal mutations with homoeotic phenotypes is the difficulty in effectively distinguishing the differences between many of the larval segments. For example, the embryonic-lethal Polycomblike alleles have a weak, but clear, homoeotic phenotype when examined carefully (13, 19) , but the phenotype is so subtle that no Polycomblike alleles were recovered in a large screen for embryonic-lethal mutations that affect the larval segmental pattern (5) . Another problem can arise if a gene product is required more than once during development. If a gene required for segmental identity is also required for some other developmental process, the phenotype of a mutation may be complex and not easily discernible as affecting segmental identity. A good illustration of this problem is the fushi tarazu (ftz) gene. The ftz protein is detectable at the cellular blastoderm stage in a pattern of seven transverse stripes perpendicular to the anteroposterior axis of the embryo and again at a later embryonic stage in specific cells of the nervous system (20, 21) . The loss of ftz function at either time leads to a mutant phenotype, but the loss of function of ftz at blastoderm leads to such a severe phenotype that the nervous system phenotype cannot be discerned and was missed even in a very careful analysis ofthe ftz mutant phenotype (22) .
As a different approach to the identification of genes involved in the determination of segmental identity, we have chosen to screen for dosage-dependent interactions with previously characterized genes. It was an approach of this type that first identified the homoeotic genes Polycomblike (23) and trithorax (24) . The rationale for the approach derives from the observation that, in Drosophila, the amount of gene product is usually proportional to the number of wild-type copies of the gene in the genome such that flies with only one copy of a gene have only 50% of the gene product when compared to normal flies bearing two copies of the gene, whereas flies bearing a duplication for the gene (three copies) have 50% more gene product than wild type (25) (26) (27) (28) (29) . It should, therefore, be possible to vary the amount of gene product from a regulatory locus by varying the number of copies ofthe wild-type gene. The variation in the level ofgene product from the regulatory locus should then be reflected as variation in the level of activity of the gene that it regulates. By screening for genes that, when present in fewer copies, affect the expression of the homoeotic genes Polycomb or Antennapedia, we have identified at least 18 genes involved in the determination of segmental identity. Six ofthe 18 genes are known homoeotic genes, whereas the remainder were not previously known to be involved in the determination of segmental identity.
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MATERIALS AND METHODS
Unless otherwise noted, mutations and chromosome aberrations have been previously described (30) (31) (32) (33) (34) PcR' with the exception of ScrEl, ScrE2, and Scr'.
RESULTS AND DISCUSSION
Over 67,000 progeny from mutagenized flies were screened for dominant suppressor and/or enhancer mutations of homoeotic alleles of the Polycomb and/or Antennapedia loci. The number of progeny of each genotype examined, the phenotypes suppressed or enhanced, and the 64 modifier mutations recovered are given in Table 1 . (38) and, thus, Polycomb regulates Antennapedia expression either directly or indirectly. Sex combs reduced expression is altered in Antennapedia mutations (39) , suggesting that the Sex combs reduced gene is a target, either directly or indirectly, of Antennapedia gene regulation. Alleles of Polycomb and Sex combs reduced interact with some alleles of Antennapedia (unpublished data). No gene products have yet been shown by biochemical methods to functionally interact with Antennapedia gene products; the genes identified here provide good candidates for such an approach.
The majority of mutations isolated in this work on the basis of dominant interactions with Polycomb and/or Antennapedia mutations identify genes in regions of the genome that were previously identified in a systematic screen of the autosomes for genes that, when duplicated, affect the expression of Polycomb and/or Antennapedia mutations (30) . The localization of the genes identified by mutations in the work described here and the regions that when duplicated interact with Polycomb and/or Antennapedia mutations are shown in Fig. 1 . With the exception of the Sex combs reduced locus, the effects of increasing the gene dosage of a region are the opposite of the effects of decreasing the gene dosage for the mutation identified in that region. For example, mutations that suppress the phenotype of Polycomb mutations are in regions that, when duplicated, enhance the phenotype of Polycomb mutations. The failure of Sex combs reduced duplications to behave as expected is probably a consequence of other genes of the Antennapedia complex that are also present in the duplications. Eleven genes probably show dosage-dependent interactions with Polycomb and/or Antennapedia when gene copy number is either increased or decreased, whereas four of the genes appear to only show dosage effects when the amount of gene product is decreased and not when the amount of gene product is increased above the wild-type level.
The conclusion that the screens used here to identify genes involved in the determination of segmental identity are relatively specific is suggested by the high frequency of homoeotic mutations identified. One-third of the genes that we identified by modifier mutations are previously identified homoeotic genes. Several ofthe additional loci identified here appear to be homoeotic genes as well. For two of the loci, 21 Bridges (40) . The shaded bars below the chromosomes indicate the extents of the three duplications that suppress (55B-55E, 78A-79D, and 83E-84D) and the seven duplications that enhance the extra sex combs phenotypes of Polycomb and/or Antennapedia mutations (30) . The locations ofthe Antennapedia complex (ANT-C) and bithorax complex (BX-C) are shown below the third chromosome. The arrows above the chromosomes indicate the genes identified by mutations that suppress or enhance the phenotypes of Polycomb and/or Antennapedia mutations (see Table 2 for the names of the genes). The positions of the sam, skd, and vtd loci were not determined with sufficient accuracy to place them on the cytological map. The dev locus is shown by the arrow at 71F, the most proximal limit for its location. kismet and moira, homozygous patches of cells were generated in heterozygous individuals by radiation-induced mitotic recombination during larval growth of the imaginal cells. For both loci, such homozygous patches of tissue show homoeotic transformations in some segments of the adult cuticle (unpublished data). Since we have only examined two of the loci in such somatic mosaics, it is possible that many of the other mutations will also have homoeotic phenotypes when examined in homozygous clones of cells; however, the eight loci for which homoeotic phenotypes have already been demonstrated (the six known homoeotic loci plus kismet and moira) account for 38 of the 64 mutations isolated (59%). For a nonspecific screen (by nonspecific, we mean a screen to identify mutations of interest among a random sample of mutations examined), the expected frequency of homoeotic mutations is at least 200 times lower than this. Our estimate for the low frequency of expected homoeotic mutations is derived from the results of two different approaches that have previously been used by other laboratories to identify homoeotic mutations. For example, from -4400 embryoniclethal mutations examined, only 12 mutations with recognized homoeotic phenotypes were identified (5-7). In addition, examination of 270 sex-linked lethal mutations in somatic mosaics revealed no mutations with a recognized homoeotic phenotype (41) (42) (43) . Beyond the observation that the majority of mutations isolated in our screens are in homoeotic genes, we feel that the isolation of several alleles for each locus (an average of 3.6 alleles per gene) in a relatively small number of loci (18 total) suggests that there is specificity to the targets of mutagenesis.
